Transmembrane mucin-type glycoproteins can regulate signal transduction pathways. In yeast, signaling mucins regulate mitogen-activated protein kinase (MAPK) pathways that induce cell differentiation to filamentous growth (fMAPK pathway) and the response to osmotic stress (HOG pathway). To explore regulatory aspects of signaling mucin function, protein microarrays were used to identify proteins that interact with the cytoplasmic domain of the mucin-like glycoprotein, Msb2p. Eighteen proteins were identified that comprised functional categories of metabolism, actin filament capping and depolymerization, aerobic and anaerobic growth, chromatin organization and bud growth, sporulation, ribosome biogenesis, protein modification by iron-sulfur clusters, RNA catabolism, and DNA replication and DNA repair. A subunit of actin capping protein, Cap2p, interacted with the cytoplasmic domain of Msb2p. Cells lacking Cap2p showed altered localization of Msb2p and increased shedding of Msb2p's N-terminal glycosylated domain. Consistent with its role in regulating the actin cytoskeleton, Cap2p, and another Msb2p-interacting protein, Aip1p, were required for the enhanced cell polarization during filamentous growth. Our study identifies proteins that connect a signalling mucin to diverse cellular processes and may provide insight into new aspects of mucin function. Msb2p Interacting Proteins Prabhakar et al. 3 Msb2p Interacting Proteins Prabhakar et al. 4 many fungal species 24, 25 . Cells undergoing filamentous growth grow as branched filaments of elongated and connected cells 26-29 . One of the pathways that regulates filamentous growth is a Cdc42p-dependent Mitogen Activated Protein Kinase (MAPK) pathway commonly referred to as the fMAPK pathway 30, 31 . Msb2p functions at the plasma membrane to regulate the fMAPK pathway 4, 5 . Msb2p is a single-pass transmembrane protein with a highly glycosylated N-terminal domain (1185 amino acids) connected to a cytoplasmic C-terminal signaling domain (97 amino acids) by a transmembrane domain. The cytoplasmic domain of Msb2p binds directly to Cdc42p 20 . Cdc42p associates with the p21-activated kinase (PAK) Ste20p 32, 33 to regulate the fMAPK cascade [Ste11p, Ste7p, and Kss1p 34 ] that culminates in the phosphorylation/activation of transcription factors [Ste12p and Tec1p 35 ], which induce the expression of filamentation target genes 36, 37 . The glycosylation of Msb2p is related to its signaling function 38 . Under nutrient-limiting conditions, Msb2p is underglycosylated, which results in its proteolytic processing through a quality-control pathway called the Unfolded Protein Response (UPR) in the lumen of ER. The UPR upregulates the expression of an aspartyl protease, Yps1p that processes Msb2p in its extracellular domain 39, 40 . Proteolytic processing of Msb2p is required for activation of of the fMAPK pathway 40 . Another signaling mucin in yeast is Hrk1p, which regulates the Ste11p branch of the HOG pathway 41 . The HOG pathway has two branches that converge on the MAPKK Pbs2p. Hrk1p does not regulate the fMAPK pathway 42 . Moreover, overexpression of Msb2p and Hkr1p induce different sets of target genes 42 . Thus, it is plausible that Msb2p preferentially regulates the fMAPK pathway, and Hkr1p preferentially regulates the HOG Msb2p Interacting Proteins Prabhakar et al. 5 pathway. This may be an oversimplification, however, because Msb2p and Hrk1p can together regulate the HOG pathway 41, 43 .
INTRODUCTION
Mucins belong to a family of high-molecular weight glycoproteins. There are two types of mucins, transmembrane mucins and secreted mucins [1] [2] [3] [4] [5] . Transmembrane mucins are further divided into signaling and non-signaling mucins. The signaling mucins, which contain a cytosolic domain, regulate signal transduction pathways 1, 4, 6 . In normal settings, mucins can typically line the oral and gastrointestinal cavity, where they engage in a variety of functions including protection and hydration of the host 7 . When misregulated, mucins exhibit altered localization patterns and can contribute to unregulated signaling. Consequently, mucins are widely implicated in human diseases, such as inflammation and cancer 1, [8] [9] [10] [11] . Signaling mucins are structurally characterized by a heavily glycosylated extracellular N-terminal domain, a single pass transmembrane domain, and a cytoplasmic C-terminal domain 12, 13 . The peptide backbone of the extracellular domain is rich in proline, threonine, and serine residues, which are typically found in tandem repeated sequences that are highly variable (PTS domain). The PTS domain distinguishes mucins from other large glycoproteins [14] [15] [16] and is heavily modified by multiple O-linked oligosaccharides 17, 18 . This domain may be a convenient target for drug and vaccine development 19 .
Transmembrane signaling mucins are found in a variety of organisms, including mammals, invertebrates, and microbes 12, 20, 21 . In the budding yeast Saccharomyces cerevisiae, two well-known mucin-type glycoproteins, Msb2p and Hkr1p, have been identified 20 . These proteins regulate MAPK pathways that respond to nutrients and osmotic stress. In response to nutrient limitation, yeast cells undergo a foraging response known as filamentous growth [or invasive/pseudohyphal growth 22, 23 ], which is typical of 7 Biochemicals, St. Louis, MO) to a final concentration of 0.01% for 30 min, at 30˚C. Cells were washed once in water. Bud scars were visualized by fluorescence microscopy.
Microscopy
Differential-interference-contrast (DIC) and fluorescence microscopy of the GFP protein using FITC filter sets were performed using an Axioplan 2 fluorescent microscope (Zeiss) with a PLAN-APOCHROMAT 100X/1.4 (oil) objective (Zeiss). For most experiments, cells were visualized by resuspending in water at 25˚C. Digital images were obtained with the Axiocam MRm camera (Zeiss). Axiovision 4.4 software (Zeiss) was used for image acquisition and analysis. Brightness and contrast of images was further adjusted in Adobe Photoshop.
Immunoblot analysis
Detection of phosphorylated MAP kinase (P~Kss1p) by immunoblot analysis was performed as described [60] [61] [62] . Mid-log phase cells were harvested and pellets were washed once with water and stored at -80°C. Proteins were precipitated by trichloroacetic acid (TCA), separated by SDS-PAGE on 10% acrylamide gels and transferred to (Cell Signaling Technology, Danvers, MA, 4370) at a 1:5,000 dilution. Kss1p was detected using α-Kss1p antibodies (Santa Cruz Biotechnology, Santa Cruz, CA; #6775) at a 1:5,000 dilution. α-HA antibody was used at a 1:5,000 dilution (Roche Diagnostics, 12CA5). α-GFP antibody was used at a 1:1,000 dilution (Roche Diagnostics, clones 7.1 and 13.1; Catalog# 11814460001). For secondary antibodies, goat anti-rabbit IgG-HRP antibodies were used at a 1:10,000 dilution (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, 111-035-144). Mouse α-Pgk1p antibodies were used at a 1:5,000 dilution as a control for total protein levels (Novex, 459250). Goat α-mouse secondary antibodies were used at a 1:5,000 dilution to detect primary antibodies (Bio-Rad Laboratories, Hercules, CA, 170-6516). Secondary incubations were carried out at 25°C for 1 h. ECL Plus immunoblotting reagent was used to detect secondary antibodies (Amersham Biosciences, Piscataway NJ). Msb2p secretion by colony immunoblot analysis has been described 63 .
Protein Microarray Analysis
Protein microarrays (Invitrogen Life Technologies; lot# 052404) containing 4,318 yeast proteins 64 were probed with the purified and biotinylated cytoplasmic domain of the Msb2p protein 20 . The cytoplasmic domain (CYT) of the Msb2p protein was purified from Escherichia coli as a HIS-epitope fusion as described 20 . 50µg of purified HIS-Msb2p CYT was biotinylated using the yeast protoarray PPI kit (Invitrogen Life Technologies). Protein microarrays were probed following manufacturer's instructions.
Arrays were blocked with PBST buffer for 1h at 4°C with gentle shaking. The microarrays were incubated with biotinylated probes for 1.5h at 4°C without any shaking.
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Arrays were washed with probing buffer (5X PBS pH 7.4, 0.25% Triton X-100 25% glycerol) twice on ice and incubated with Streptavidin-Alexa Fluor 647 solution for 30 min on ice in the dark. The arrays were washed three times in the probing buffer at 4°C.
The microarrays were centrifuged at 800 x g and dried at room temperature for 30 min.
Dried arrays were scanned using GenePix 4000B (Molecular Devices Corporation).
The numerical data (GenePix result file) for the array was acquired using GenePix Pro 6.0 software (Molecular Devices Corporation) and processed using ProtoArray® Prospector v5.1 (Invitrogen Life Technologies). This software calculated statistical parameters including Z-factor (which measures the signal-to-noise ratio), Z-score (which indicates the number of standard deviations away from the mean signal value for all protein spots), replicate spot CV (coefficient of variation) and p-value for each spot. A protein was considered as a potential Msb2p CYT interacting partner if it satisfied the following criteria: the protein signal in the experimental microarray after background subtraction was > 3-fold than the corresponding signal in the control microarray, the Zfactor was greater than 0.5, corresponding to > 2-fold increase in the signal relative to background, the Z-score was >3.0, the variation (CV) between replicate spots was less than 50%, and the p-value that measured the probability that the observed signal resulted from the distribution of negative control signals was <0.05. The candidates that met these criteria were visually confirmed as hits on the array. Table S1 summarizes the raw and analyzed data for the protein microarray.
Co-Immunoprecipitation Analysis Between Msb2p and Cap2p
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Co-IPT analysis was based on previous methodology 65 . Spheroplasts were generated as described 40 . Cell pellets were washed in 1ml of 1.2 M sorbitol and centrifuged for 4 min at low speed as before. Spheroplasts were lysed in 1ml of ice-cold IPT buffer (50 mM Tris-HCl pH 8, 1mM EDTA, 50mM NaCl, 1.5 % Igepal CA-630) supplemented with 1x protease inhibitor cocktail EDTA free and 1mM phenylmethylsulfonyl fluoride (PMSF) before use. Lysates were centrifuged at 4°C for 20 min at 15,800g. Supernatants were precleared by incubating with 30 ul of Immunopure immobilized Protein G plus on endto-end rotator for 30 min. Beads were pelleted at 4°C for 2 min at 2,500 X g. Protein concentration of pre-cleared supernatants was determined by the Bradford Coomassie Blue assay. Five to seven mg of protein were IPed with poly-clonal antibody in 1:100 dilution for 1 h, and complexes were pulled down by adding 30 ul of protein G and incubating for 1 h. IPT complexes were pelleted at 2,500 X g for 1 min. Beads were washed in IPT buffer 3 times for 1 min. 50 ul of lysis buffer (8 M Urea, 5 % SDS, 40 mM Tris-HCl pH 6.8, 0.1 M EDTA, 0.4 mg/ml Bromophenol blue and 1 % ßmercaptoethanol) was added to beads, and IPT complexes were released from beads by boiling for 10 min. Beads were removed by centrifuging for 1 min at 2,500 X g after which the pellet was discarded. Supernatants (protein complexes) were immediately processed by SDS-PAGE or frozen at -80 o C. 
Pull downs between HIS-Msb2p CYT and Cap2p-TAP

Pull downs between HIS-Msb2p CYT and Gln1p-GFP
Yeast cells harboring Gln1p-GFP (PC6743) from the GFP collection 51 , or control cells (PC6021) were grown to mid-log phase in 800 ml YEPD medium at 30°C. Cells were harvested by centrifugation, at 4,000 rpm for 15 min at 4°C. The cell pellet was stored at -80°C. Cells were harvested by centrifugation at 4,000 rpm for 15 min at 4°C. Cells pellets were stored at -80°C. As a control, 400 ml of control E. coli BL21λDE3 cells lacking the plasmid pET28b-HIS-Msb2p CYT were harvested at log phase.
Cells were resuspended in 40 ml lysis buffer [TRIS pH8, 100mM NaCl, 0.01% βME, 1mg/ml lysozyme, 1mM PMSF, 0.1% Triton X-100] and sonicated 30 sec on, 30 sec off for 15 min on ice. A portion of the cell extract was removed (E. coli WCE) and the remaining extract was centrifuged at 15,000 rpm for 15 min at 4°C. The supernatant was collected and mixed with 3.5 ml of Talon resin slurry (Clontech, Mountain View, 12 CA), which had been pre-equilibrated in lysis buffer [TRIS pH8, 100mM NaCl, 0.01% βME]. Extracts and beads were incubated for 1 h at 4°C with end-over-end rotation.
Extracts containing beads were added to a 25 ml Poly-Prep chromatography columns (Bio-Rad, Hercules, CA). Column was washed with 10 ml lysis buffer twice.
Supernatants from yeast extracts were immediately added to the column. Yeast supernatants were made by resuspending cell pellets in 15 ml lysis buffer, and 7 ml of glass beads were added. Cells were vortexed at 4°C for 5 X 1 min pulses, with 1 min rest between cycles. A portion of the extract was set aside (yeast WCE). Cell debris was removed by centrifugation at 15,000 rpm for 15 min at 4°C. The supernatants were incubated with Msb2p CYT or control E. coli extract coated beads for 30 min at 4°C with end-over-end rotation. Extracts containing beads were added back to the column and allowed to flow through the column with a gravity flow at an approximate rate of 0.5 ml /min. The column was then washed twice with 10 ml lysis buffer. Fractions were eluted from the column in elution buffer containing imidazole (10 mM, 20 mM, 100 mM, and 500 mM). WCEs, flow-through and wash fractions were collected and examined by SDS-PAGE analysis.
RESULTS
Identification of Msb2p Interacting Proteins by Protein Microarray Technology
Protein microarray technology (e.g. proteome chips) is an established technology to explore protein function 64, [66] [67] [68] . Proteins microarrays can identify new protein binding partners 69 . Protein chips can also identify post-translational modifications 70, 71 and interactions between proteins and DNA 72 , RNA 73 and lipids 74 . We used protein slide. Interactions were detected using Alexa Fluor® 647-streptavidin, which binds to biotinylated Msb2p. A control microarray was probed with an E. coli extract that was also biotinylated but came from cells that did not contain the pET28b-HIS-Msb2p CYT plasmid.
Figure 1. The mucin-like glycoprotein
Msb2p. Msb2p shares a N-terminal mucin homology domain (MHD) with mammalian mucins. Msb2p is a single pass transmembrane protein and has a small cytoplasmic tail of 98 residues. Under-glycosylation of Msb2p in low nutrient environment triggers cleavage-dependent activation by the Unfolded Protein Response (UPR), which stimulates the filamentous growth MAPK pathway (fMAPK). Msb2p also regulates the High Osmolarity Glycerol response pathway (HOG). Red question mark, unknown interactions; PM, plasma membrane, CYT, cytosolic domain.
The protein microarray probed with the HIS-Msb2p CYT showed a number of potential interactions ( Fig. 2A , Table S1 ). The protein microarray data was examined by additional bioinformatics analysis. The signal intensity of each spot was expressed as the fold increase between the experimental and control microarrays after background subtraction (Table2, Corrected Signal). The cut-off for p-values was set to < 0.05 ( Table   2 , p-value). The normalized score or Z-score was calculated as the number of standard deviations of a signal compared to the mean signal of all spots on the array. A Z-score of >3 was used, which represents a 99% cut off ( Fig. 2A , red bar; Table 2 , Z-score).
Eighteen proteins qualified as Msb2p CYT -interacting proteins based on this criteria ( Table   2 ).
Figure 2. Msb2p-interacting proteins identified by the protein microarray. A)
A protein microarray containing ~4,000 yeast proteins spotted in duplicate was probed with a purified epitope-tagged version of the C-terminus of Msb2p (HIS-Msb2p CYT ) that was biotinylated in vitro. The curve shows protein interactions ranked by signal intensity. The signal intensity of a spot was calculated by subtracting the background intensity for each spot. Potential 'hits' were identified using ProtoArray® Prospector v5.1 (Invitrogen Life Technologies). Inset, examples of spots that showed interaction with HIS-Msb2p CYT in the experimental microarray (right) compared to the corresponding region in the control microarray (left). The dashed red line represents the cutoff for statistically significant interactions (>3.0 S.D.). See Table S1 for the raw data. (B) Pie chart of Msb2p interacting proteins. The proteins are separated by GO terms obtained from Saccharomyces Genome Database.
Functional Characterization of Msb2p-Interacting Proteins
Msb2p interacts with proteins that regulate the fMAPK pathway, including Sho1p 20, 40 , Functional analysis by GO term analysis 77, 78 showed that the Msb2p-interacting proteins comprised functional groups including metabolism (Gln1p, Erg20p, Mal12p, Mal32p, Gpp2p and Eno2p), actin filament capping and depolymerization (Cap2p and Aip1p), aerobic (Mam33p and Qcr6p) and anaerobic growth (Frd1p), chromatin organization and bud growth (Nap1p), sporulation (Emi2p), ribosome biogenesis (Drs1p), protein modification by iron-sulfur clusters (Cia1p), RNA catabolism (Ski8p), and DNA replication and DNA repair (Pol30p) ( Fig. 2B , Table 2 ). Most of the proteins have been shown to localize to the cytoplasm or plasma membrane where Msb2p is known to reside ( Table 2 , Localization).
To determine whether newly identified Msb2p-interacting proteins regulate filamentous growth, which is regulated by Msb2p, isogenic strains carrying non-essential deletion mutations were constructed in the Σ1278b background (for mam33Δ, aip1Δ, gpp2Δ and nap1Δ; Table 3 , Gene Deletion Mutant) or acquired from the nonessential Σ1278b deletion collection 79 (for qcr6Δ, emi2Δ, mal32Δ, mal12Δ, frd1Δ). The effect of protein over-expression on filamentous growth was also examined for some candidates (Pol30p, Erg20p, Ski8p, Mam33p, Hri1p, Aip1p, Eno2p, Frd1p and Nap1p; Table 3 , Overexpression) using a genome-wide overexpression collection 45 . The overexpression collection allowed evaluation of the role of several essential proteins in regulating filamentous growth (including Pol30p, Erg20p, Ski8p). Six Msb2p-interacting proteins impacted filamentous growth when deleted or overexpressed: Cap2p, Aip1p, Nap1p, Mam33p, Mal32p and Gln1p ( Table 3 ). In particular, Cap2p, Aip1p, Mal32p and Gln1p were positive regulators of filamentous growth, while Nap1p and Mam33p were negative regulators of filamentous growth ( Table 3 ; IG, Invasive Growth). The majority of these proteins comprised two functional categories (Fig 2B; Table 2 ; metabolism and actin filament capping and depolymerization) and were examined in more detail. Other Msb2p interacting proteins may impact Msb2p function in the HOG or other pathways 41, 43, 44, 80, 81 but were not explored here.
Msb2p and Cap2p interact in vitro and in vivo
Given that cytoskeleton-organizing proteins (Cap2p and Aip1p) were identified as potential Msb2p-interacting proteins, we became interested in exploring how the actin cytoskeleton might impact mucin function. Of the two actin-filament binding proteins, Cap2p showed the stronger phenotype in the secondary analysis compared to Aip1p and was explored in more detail. Cap2p is the ß-subunit of actin-capping protein that forms a heterodimer with Cap1p. Actin-capping protein binds to the barbed end of actin filaments to prevent their elongation [82] [83] [84] [85] [86] . We first tested whether Msb2p and Cap2p interact by in vitro pull down analysis. Cap2p-TAP, expressed in yeast cells from its endogenous promoter 50 , was tested for association with beads coated with HIS-Msb2p CYT, expressed and purified from E. coli. Cap2p-TAP associated with HIS-Msb2p CYT by in vitro pull downs (Fig. 3A) . This result validates the protein microarray data identifying Cap2p and demonstrates that Msb2p and Cap2p interact in vitro. To determine whether the interaction between Msb2p and Cap2p also occur in vivo, co-immunoprecipitation (co-IPT) analysis was performed. Full-length Msb2p is processed by proteolytic processing 40 . A Msb2p-GFP fusion expressed from its endogenous promoter migrated at the size of the processed form of the protein (Fig. 3B, 56 kDa, Msb2 P p-GFP). Msb2 P p-GFP precipitated with anti-GFP antibodies was abundantly enriched by IPT analysis. IPT of Msb2 P p-GFP co-immunoprecipitated Cap2p-HA ( Fig. 3B) . Thus, as expected from the above results, Cap2p interacts with a portion of the Msb2p protein that includes the cytosolic domain. Both the in vitro and co-IPT analysis showed that a sub-stoichiometric amount of Cap2p was precipitated by Msb2p. Collectively, the results show that Msb2p interacts with Cap2p by in vitro and in vivo tests.
Role of Cap2p in Regulating Msb2p Trafficking and Filamentous Growth
Cap2p and Aip1p are components of actin cortical patches. Actin patches are important for bud growth and endocytosis, and Cap2p has a specific function in the regulation of endocytosis 87, 88 . Msb2p is a single pass transmembrane protein that is delivered to the plasma membrane and turned over in the lysosome (vacuole in yeast) through the secretory pathway 39, 75 reported, the highly expressed GFP-Msb2p was also enriched at the mother-bud neck. In the cap2Δ mutant, GFP-Msb2p was mislocalized in some cells (~27%), where the protein had a reticulated pattern (Fig. 4A, cap2Δ) . The reticulated pattern of GFP-Msb2p in the cap2Δ mutant was higher than seen in wild-type cells (Fig. 4B) . 
The reticulated pattern of GFP-Msb2p localization seen in cells lacking Cap2p
might reflect a problem with the trafficking of the protein. Msb2p is proteolytically processed in its N-terminal domain, and the processed extracellular glycodomain of the protein is secreted from the cell 39, 40, 89 . We tested if the altered localization pattern of Msb2p in cells lacking Cap2p might impact Msb2p's processing. An epitope-tagged version of Msb2p which contains the hemagglutinin (HA) epitope at amino acid 500 residues is shed from cells and was used to measure secretion of Msb2p by colony immunoblot analysis 89 . The cap2Δ mutant showed elevated shedding of Msb2p, relative to wild-type cells and an fMAPK pathway mutant, ste12Δ (Fig. 4C) . Thus, Msb2p was both trapped inside cells and shed at higher levels. One possibility is that in cells lacking Cap2p, Msb2p becomes trapped in intracellular compartments, which leads to increased proteolytic processing of the protein and elevated shedding of its extracellular domain.
Indeed, Msb2p trapped in the secretory pathway is known to be processed efficiently 39 .
Altered Msb2p trafficking in the cap2Δ mutant impacted the activity of the fMAPK pathway. The phosphorylation of the MAP kinase Kss1p (P~Kss1p), the terminal kinase in the fMAPK cascade, occurs when the pathway is active. The level of P~Kss1p provides a readout of fMAPK activity. P~Kss1p levels showed a subtle signaling defect in the cap2Δ mutant compared to wild-type cells (Fig. 5A) . Cells expressing a hyperactive version of Msb2p [MSB2 Δ 100-818 ] 40 showed elevated fMAPK activity that was not reduced in cells lacking Cap2p (Fig. 5A) . Expression of the FUS1-lacZ reporter was equivalent, based on statistical significance, between wild-type cells and the cap2Δ mutant (Fig. 5B) . Growth of cells harboring the FUS1-HIS3 reporter, which is a mating pathway reporter that in ste4Δ strains shows Msb2p-dependent fMAPK Thus, Cap2p might play a minor role in regulating the activity of the fMAPK pathway.
One possibility is that this occurs by impacting Msb2p's trafficking. Nevertheless, this signaling defect is a subtle defect and we do not suggest that Cap2p is a component of the pathway. Cap2p is an actin regulatory protein 82, 90 . The actin cytoskeleton is highly polarized during filamentous growth to produce an elongated cell. Cap2p might impact filamentous growth through its role in regulating the actin cytoskeleton. The role that Cap2p played in regulating filamentous growth was assessed by the plate-washing assay 30 by measuring the agar invasion of the cap2Δ mutant relative to wild-type cells and control strains. The controls used were msb2Δ mutant and the ste11Δ mutant, which lacks the MAPKKK for the fMAPK pathway 30 . Colonies were washed under a stream of water to reveal the invasion pattern as a read out of filamentous growth. The cap2Δ mutant was defective for invasive growth (Fig. 6A) . The invasive growth defect of the cap2Δ mutant resembled the invasive growth defect of polarisome mutants (Fig. 6A, polarisome) . These included cells lacking the formin Bni1p 91 or associated proteins Pea2p, Spa2p, and Bud6p in the polarisome 92 , which has been previously shown to regulate invasive growth 28, [93] [94] [95] . The polarisome also showed a minor role in fMAPK regulation as Cap2p (not shown). Given that the phenotype of the cap2Δ mutant in filamentous growth was similar to other polarity mutants, it might result from a general defect in cell polarity. Cells undergoing filamentous growth are highly polarized and more elongated than yeast-form cells 26 . The cap2Δ mutant cells were rounder than wild-type cells under conditions that promote invasive growth (Fig. 6B, cap2Δ) . Even in cells expressing hyperactive version of Msb2p that induces polarized growth, deletion of CAP2 abolished the polarized morphology of cells (Fig. 6B, MSB2 Δ100-818 cap2Δ) .
Haploid cells undergoing filamentous growth switch to a distal-unipolar pattern 26, 30, 96 . The cap2Δ mutant showed a defect in distal-pole budding under nutrient-limiting conditions (WT, Proximal: Equatorial: Distal = 34.13%: 64.42%: 1.45%; cap2Δ, Proximal: Equatorial: Distal = 75.59%: 19.25%: 5.16%). Under conditions in which cells bud axially, Cap2p did not impact budding pattern (WT, P:E:D 97.10%: 1.45%: 1.45%; cap2Δ, 95.12%: 2.93%: 1.95%). These results are consistent with the idea that when cells are less polarized they have less propensity for distal-pole budding 97 and may also account for the invasive growth defect of the cap2Δ mutant. mutant was phenotypically indistinguishable from the cap2Δ mutant by the PWA (Fig.   6A ), which indicates that the actin capping function of Cap2p may account for its role in regulating cell polarization during filamentous growth. Like the cap2Δ mutant, the cap1Δ mutant showed a subtle defect in fMAPK signaling by FUS1-HIS3 reporter (not shown).
Another actin-binding protein that interacted with Msb2p by protein microarray was Aip1p ( Table 2 ). The aip1Δ mutant showed a similar phenotype as the cap2Δ mutant, in that it was defective for invasive growth by the PWA (Fig. 4A, Table 3 ). Thus, actin cytoskeletal regulatory proteins that interact with Msb2p might regulate filamentous growth by their roles in impacting Msb2p trafficking, and/or also by their established roles in regulating cell polarity.
Another Msb2p CYT interacting protein, Nap1p, plays a role in chromatin organization and bud growth. Nap1p is a histone chaperone 98, 99 that also functions as a cell cycle regulatory protein. Nap1p is required for septin cytoskeleton organization [100] [101] [102] and a subset of mitotic events 103, 104 including regulation of the morphogenetic checkpoint 105 . The plate-washing assay showed a role for Nap1p in invasive growth.
Consistent with what has been shown in Candida albicans 101 , the S. cerevisiae nap1Δ
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Prabhakar et al. 26 mutant was more invasive than wild-type cells (Fig. 7A) . Examination of the cell morphology of the invaded cells showed a hyperpolarized growth phenotype. Nap1p did not regulate the fMAPK pathway, based on the activity of the FUS1-HIS3 reporter ( Table   3 ). Overexpression of NAP1 induced polarized growth, concomitant with a growth defect, as has been previously reported 106, 107 . The growth defect of GAL-NAP1 cells was exacerbated by the loss of MSB2 (Fig. 7B) . Msb2p was also required for the hyperpolarized cell morphology of the nap1Δ mutant (Fig. 7C) . These results demonstrate a genetic interaction between MSB2 and NAP1. mutant was more invasive than wild-type cells by the PWA. See Fig 6A for details. (B) MSB2 and NAP1 show a genetic interaction. Serial dilutions of wild type, msb2Δ, pGAL-NAP1 and pGAL-NAP1 msb2Δ cells were spotted onto S-GAL-URA plates. Equal concentrations were spotted on SD-URA as control. Growth of a colony was quantified by measuring the signal intensity of the colony against the background by ImageJ analysis. Growth on S-GAL-URA was compared to growth on SD-URA for each strain and then normalized to wild type. Error bars show the standard error of the mean from two separate trials. Asterisk, p-value < 0.05. (C) Polarized growth was evaluated for indicated strains. Cells were grown to saturation in YEPD media and visualized by DIC microscopy. For each cell, the circularity ratio was measured as the ratio of the long axis (distance from the mother bud neck to the distal pole) to the short axis (width of the cell) using ImageJ. Error bars, standard error of mean from two trials. 30 cells were measured in each trial. Asterisk, p-value < 0.05.
Msb2p Shows Physical Interaction with Gln1p
The cytosolic domain of Msb2p showed interactions with other proteins ( Table 2) . One protein that we examined was Gln1p, which encodes glutamine synthetase 108 . We validated this interaction by in vitro pull down analysis. Specifically, yeast cell extracts containing Gln1p-GFP were tested for interaction with beads bound to HIS-Msb2p CYT purified in E. coli. Gln1p-GFP associated with HIS-Msb2p CYT by in vitro pull down (Fig.   8A) .
Glutamine is the key nitrogen precursor that feeds into several metabolic pathways that synthesize amino acids, purines and pyrimidines. As a result, the enzyme Gln1p that synthesizes glutamine is regulated at multiple levels inside the cell and its activity is sensitive to nutrient availability. Like other metabolic enzymes, one mode of regulation of Gln1p is its assembly into higher order inactive oligomers upon cellular starvation 109, 110 . We tested if the interaction between Msb2p and Gln1p might impact aggregation of Gln1p-GFP were similar among wild-type cells and cells expressing hyperactive alleles of Msb2p (GFP-Msb2p) or hyperactive alleles of Ste11p, the MAPKKK for the fMAPK pathway (Fig. 8B, Ste11-4p ). Therefore, the interaction between Gln1p and Msb2p does not impact Gln1p aggregation. 
DISCUSSION
Here, protein microarrays were used to identify proteins that interact with the cytosolic domain of Msb2p, a mucin-like protein that regulates signal transduction (MAPK) pathways. One class of anticipated interacting partners were proteins that regulate MAPK pathways; however, such proteins were not identified by this approach. These Others may connect Msb2p to diverse biological functions. For example, Msb2p may regulate the fMAPK pathway, which responds to nutrient availability, and directly modify the activity, localization, or function of metabolic enzymes. Metabolic enzymes can directly impact signaling pathway activity 111 . Thus, the study provides a resource for interrogating the roles of the proteome in impacting mucin function and regulation in a model organism.
One connection that was explored in the study was between Msb2p and proteins that comprise the actin cytoskeleton. The actin cytoskeleton is a highly dynamic structure that controls diverse cellular functions 112 . The fMAPK pathway is known to reorganize cell shape during filamentous growth, particularly by promoting distal-unipolar budding 26, 96 and causing a delay in the cell cycle that results in enhanced polarized growth by the polarisome 27, 96 . Msb2p might directly regulate the actin cytoskeleton during filamentous growth through its interaction with actin binding proteins. In line with this possibility, two actin-binding proteins that interact with Msb2p, Cap2p and Aip1p, were required for the highly polarized cell morphologies that occurred during filamentous growth and for the subsequent invasive growth response. These proteins might be expected to regulate Actin capping protein is typically found associated with actin patches. In actin patches, Cap2p and other proteins play a role in endocytosis 87 . Actin patches form a dynamic relationship with actin cables in yeast 88 , and Cap2p and other proteins contribute to the transition between the different pools of actin in the cell 90 . We show that Cap2p is required for the proper localization of Msb2p. One possibility is that Cap2p may impact the endocytosis of Msb2p from the plasma membrane. Msb2p is ubiquitinated at the plasma membrane and internalized by a mechanism that involves the ubiquitin ligase Rsp5p 39 . In cells lacking Cap2p, Msb2p may reside longer at the plasma membrane, which might account for the elevated shedding of the protein. Msb2p shedding is regulated by yapsins, which proteolytically process Msb2p, and which are also known to function at the plasma membrane. It is also possible that Cap2p may impact the delivery of internalized Msb2p to other compartments in the secretory pathway, either to promote its recycling to the plasma membrane or its delivery to the lysosome. Like other mucins, Msb2p may be recycled to the plasma membrane, and the protein is known to be delivered by the ESCRT complex to the lysosome 75 . In cells lacking Cap2p, Msb2p might become trapped in one or more of these compartments, resulting in elevated processing of the protein. This is supported by the mislocalization of Msb2p in cells lacking Cap2p. Yapsins are capable of processing Msb2p that has become trapped in the secretory pathway 39 . Although processing of Msb2p is required for fMAPK pathway activation 40 , the elevated processing of Msb2p did not stimulate Msb2p activity in this context, which suggests that this aspect of Msb2p regulation occurs after Msb2p-dpendent signaling has terminated. Intriguingly, mammalian mucins become progressively glycosylated through multiple rounds of delivery to the plasma membrane Msb2p Interacting Proteins Prabhakar et al. 31 114 . There may be merit to exploring the roles of cytoskeletal proteins in regulating mucin trafficking in general. Actin filaments also act as barrier to MUC5AC secretion in lung cells, and disruption of the actin cytoskeleton by actin severing and capping proteins increases MUC5AC secretion 115 . Thus, Msb2p shedding might be impacted by altered actin dynamics through an indirect mechanism from loss of Cap2p function.
We have also identified other protein interactions with Msb2p. One of these was with Nap1p, and another was with glutamine synthetase. Nitrogen levels are known to impact filamentous growth 26 , including the levels of glutamine tRNA pools 116, 117 . It is possible that Msb2p might impact the activity of glutamine synthetase to directly impact cellular metabolism. MUC1 expression increases glutamine levels in pancreatic cancer 118 . In addition, human MUC1 interacts with pyruvate kinase M2, which is the pyruvate kinase isoform found in cancer cells, to improve its activity 119 . Future studies of the functionally relevant interactions between mucins and their interacting partners will likely provide new insights into functions of these important signaling regulatory proteins.
ABBREVIATIONS
D, dextrose; Gal, galactose; GFP, green fluorescent protein; Glu, glucose; HA, hemaglutinin; HOG, high osmolarity glycerol response; co-IPT, co-immunoprecipitation; MAPK, mitogen activated protein kinase; PM, plasma membrane; SD, synthetic dextrose; WT, wild type. 
